Wolbachia affect behavior and possibly reproductive compatibility but not thermoresistance, 1 fecundity, and morphology in a novel transinfected host, Drosophila nigrosparsa 2 Abstract 12 Wolbachia, intracellular endosymbionts, are estimated to infect about half of all arthropod species. 13
Introduction 25
Wolbachia are intracellular Alphaproteobacteria belonging to the Rickettsiales group (Hertig 1936; Lo 26 et al., 2007) . These bacteria are found in around 40-60% of arthropod species (Sazama et al., 2017; 27 Zug & Hammerstein, 2012), including many species of Drosophila (Turelli et al., 2018) , but Wolbachia 28 diversity remains largely unknown (Detcharoen et al., 2019) . Wolbachia are mainly maternally 29 transmitted, but horizontal transfer has also been observed (Schuler et al., 2013; Werren et al., 30 2008) . They have been dubbed as master manipulators (Werren et al., 2008) as they can manipulate 31 their hosts biology and morphology. The four major phenotypes known are cytoplasmic 32 incompatibility, feminization, male killing, and parthenogenesis (Werren et al., 2008) . Among these 33 effects, cytoplasmic incompatibility is the most studied (Werren et al., 2008) . This effect occurs when 34
Wolbachia-infected males mate with uninfected females and results in early embryonic death. It has 35 been proposed that cytoplasmic incompatibility can promote host speciation by inducing 36 reproductive barriers when the same host species hosts multiple, incompatible strains (Sinkins et al., 37 2005) . Wolbachia have been shown to affect the morphology of their arthropod hosts, for example in 38 wing size and shape (Dutra et al., 2016; Kriesner et al., 2016) and larva size (Dutra et al., 2016) . 39
Depending on the particular host-strain interaction, host animals can also benefit from Wolbachia 40 infection. wMel-infected Drosophila melanogaster were reported to have higher fecundity, higher 41 mating rate, and longer wings (Table 1) . Laodelphax striatellus planthoppers infected with wStri also 42 had higher fecundity than uninfected ones (Guo et al., 2018) . Bigger body size and longer lifespan 43 were reported in Callosobruchus chinensis beetles infected with wBruCon, wBruOri, and wBruAus 44 (Okayama et al., 2016) . Cimex lectularius bedbugs require vitamin B provided by Wolbachia wCle for 45 development (Hosokawa et al., 2010) . Wolbachia can also provide virus resistance in many species, 46 including D. melanogaster infected with wMel, wMelCS, or wMelPop (Chrostek et al., 2013; Teixeira, 47 Ferreira, & Ashburner, 2008), and wAtab3 is required for proper oogenesis in the wasp Asobara 48 tabida (Dedeine et al., 2004) . 49
As the global temperature has been increasing, affecting animals' physiology and distribution 50 (Hoffmann & Sgrò, 2011) . Many animals migrate towards cooler environments (Sparks et al., 2005; 51 Hickling et al ., 2006) and reach areas previously unoccupied by these species (Dale et al., 2001 ; 52 Parmesan & Yohe, 2003) . This migration might increase the chance of animals to become infected by 53 novel pathogens and diseases (Bebber et al., 2013) . For example, Wolbachia from the European 54 cherry fruit fly, Rhagoletis cerasi, has been transmitted to the invasive North American eastern 55 cherry fruit fly, Rhagoletis cingulata (Schuler et al., 2013 (Schuler et al., , 2016 . In Paratrechina longicornis, an 56 invasive ant species, Wolbachia strain wLonF is horizontally transmitted among populations more 57 often than another strain, wLonA (Tseng et al., 2019 
Materials and Methods

Cytoplasmic-incompatibility test and fecundity 135
The cytoplasmic-incompatibility level was assessed at Generation 19 by crossing infected, cured, and 136 uninfected flies in all possible combinations except crosses between infected and cured flies ( Table  137 S1). Five one-day old virgin females were allowed to mate with five males of the same age from a 138 different line in a mating cage, three cages per cross. Drosophila nigrosparsa, unlike D. melanogaster 139 or D. simulans, females only lay eggs after seven days of mating and the larvae hatch two days after 140 being laid. Thus, flies were allowed to mate for seven days. Males were removed on the eighth day, 141 and each female was individualized into a perforated 50-ml centrifuge tube (Sarstedt, Germany) 142 supplied with grape-juice agar, malt food, and live yeast. The number of eggs laid per female and the 143 number of hatched larvae were counted on Day 9 and Day 14, respectively. Significance in hatching 144 was analyzed using a generalized linear mixed model fit by maximum likelihood with a binomial error 145 structure and logit link function implemented in the package lme4 (Bates et al., 2015) . The number of 146 eggs laid and the infection status of females were used as fixed effects and lines as random effect. 147
Critical maximum and minimum and heat-knockdown temperatures 148
Critical-temperature experiments were modified from Kinzner et al. (2018) . In Generation 19, seven-149 day old female flies of infected (ni_3, ni_6, and ni_8), cured (nc_3, nc_6, and nc_8), and uninfected 150 8 (nu_0) lines were used. Flies were separated under carbon dioxide anesthesia two days before the 151 experiments. On the days of experiments, flies were placed at room temperature for one hour before 152 the experiments started and were transferred to 5-ml vials without anesthesia immediately before 153 the experiments. 154
For the critical-maximum and minimum temperature assays (CTmax and CTmin, respectively), three 155 females from the same line were transferred into a 5-ml vial, four vials per temperature. The fly-156 containing vials were sealed and exposed in a water bath for 5 minutes to six different temperatures 157 from 37-39 °C for CTmax and 0.5-3.5 °C for CTmin with 0.5 °C interval. Temperatures from the 158 thermostat reservoir (VWR, USA) and from a thermometer (Ebro TFX430, Xylem Analytics, Germany) 159 inside the control vial were recorded with an accuracy of 0.05 °C. After 5 minutes, the vials were 160 removed from the water bath, and the flies were checked quickly for coma by tapping the vials. Flies 161 were discarded after each run. 162
For the heat-knockdown assay, three females were transferred into a 5-ml vial, four replicates per 163 line. The vials were sealed and submerged in a transparent water bath with continuously increasing 164 temperature from 25 °C to 39 °C at a rate of 0.47 °C min -1 . Temperature was measured as descibed 165 above. The number of flies in coma and the temperature inside the vials were recorded throughout 166 the assay every 30 seconds. 167
The percentages of flies in coma in each vial of the CTmax and CTmin experiments were used to 168 calculate generalized linear mixed models by maximum likelihood with a binomial error structure and 169 logit link function of flies in coma against temperature. For heat knockdown, the temperature of 170 each fly that was in coma was used. Analysis of covariance (ANCOVA) between infected and cured 171 lines and t-test between infected and their cured lines were performed. Bonferroni correction for 172 multiple comparisons was used. 173
Locomotion
9
In Generation 19, 20 larvae from each infected and cured line and 31 larvae from the uninfected line 175 were randomly collected five days after hatching. The experimental setup for assessing larval 176 mobility was modified from Brooks et al., (2016) . Briefly, each larva was put on 2% agarose in a 55 177 mm petri dish over a light pad (A4 Light Box, M.Way, China). The order of lines scored was 178 randomized, and all larvae were recorded at the same time of the day (9-12 hours). The crawling 179 path of each larva was recorded for three minutes using a video camera (XR155 Full HD, Sony, Japan). was performed. Asymmetry on size and shape between left and right wings between infected and 218 cured lines was calculated as previously described (Padró et al., 2014) . In brief, Pearson correlations 219 were used between mean individual wing size and the difference between left and right wings for 220 size asymmetry, and Procrustes ANOVA of wing shape was used for shape asymmetry. For the other two Wolbachia strains, we injected 1,333 embryos with Wolbachia strain wMelPop (11 231 attempts) and 2,093 embryos with wMelCS (16 attempts). None of the embryos injected with 232 wMelPop survived, and only two adult flies injected with wMelCS eclosed. We observed that most 233 injected embryos died as larvae, and a few larvae injected with wMelCS died during pupation. 234
Quantification of Wolbachia 235
The Wolbachia titer of all infected lines of Generation 12 was generally low. We observed, on 236 average (mean ± standard error), 0.04 ± 0.01, 0.06 ± 0.01, and 0.06 ± 0.01 Wolbachia genomes per fly 237 genome in the first 13 days for ni_3, ni_6, and ni_8, respectively (n = 21 per line). Wolbachia titer 238 increased and reached the highest density after the second week ( Figure 2 ). In general, line ni_8 had 239 lower Wolbachia titer than lines ni_3 and ni_6. 240 241
Curing from Wolbachia 242
We did not detect Wolbachia with PCR during the treatment with 0.01 or 0.05% concentrations of 243 tetracycline. However, we detected Wolbachia in all lines in the first generation after having stopped 244 treating the flies with 0.01% tetracycline. Wolbachia were successfully removed with 0.05% 245 tetracycline. The third generation of flies after treatment with 0.05% tetracycline was used for 246 further experiments. 247
Cytoplasmic incompatibility and fecundity 248
Each female laid on average (mean ± standard error) between 9.3 ± 3.5 and 15.7 ± 4.6 eggs for 249 crosses between infected lines, 8.2 ± 2.0 and 13.0 ± 2.7 eggs between cured lines, and 12.1 ± 1.6 eggs 250 for uninfected line (Table S2 ). There was no significant difference in eggs laid among lines (ANOVA, 251 Crosses between infected males and females yielded similar percent hatch per cross to those 254 between uninfected flies (mean ± standard error: 73.6 ± 6.1% and 84.7 ± 8.9%, respectively). Hatch 255 rate dropped from 60.7 ± 5.4% in crosses of uninfected males with infected females (expected 256 compatible cross) to just 37.7 ± 3.8% in crosses of infected males with uninfected females (expected 257 incompatible cross) ( Figure 3 ), but these two groups were not significantly different (Generalized 258 linear model, z = -1.35, P = 0.18). 259 260
Critical-maximum and minimum and heat-knockdown temperatures 261
For CTmax and CTmin, generalized linear mixed models of the numbers of flies in coma against 262 temperatures were significant in many lines (Table 2) . Temperatures at which fifty percent of flies fell 263 in coma (CT50%) were between 37.89 and 38.35 °C for CTmax and between 1.54 and 2.23 °C for 264
CTmin. We did not observe any statistically significant difference between infected and cured lines in 265 responses to temperature for CTmax (ANCOVA, F1,94 = 0.10, P = 0.76) nor CTmin (ANCOVA, F1,94 = 266 0.42, P = 0.52). t-tests between infected and corresponding cured lines were not significant (Table  267   S2 ). For larval locomotion, infected line ni_8 had the highest mean crawling speed and the longest mean 277 distance ( Figure 5A and B, respectively) . This infected line crawled significantly faster (t-test, P < 0.01) 278 and had longer distances (P < 0.01) compared with its cured counterpart, nc_8. Nonetheless, mean 279 crawling speed and crawling distances did not differ significantly between infected and cured lines 280 (Nested ANOVA, speed, F1,4 = 0.87, P = 0.40; distance, F1,4 = 1.68, P = 0.26). In addition, we found no 281 difference between cured and uninfected lines in both larval activities (Nested ANOVA, average 282 speed F1,2 = 0.44, P = 0.58 and total length F1,2 = 1.40, P = 0.36). 283
In adults, infected lines had higher activities than cured lines ( Figure 5C, D) . Lines ni_3 and nc_3 284 differed significantly in both walk and jump activities (t-test, P = 0.04 and 0.03 respectively). Lines 285 ni_6 and nc_6 differed significantly in walk activity (t-test, P = 0.03). No significant difference for walk 286 (Nested ANOVA, F1,4 = 5.27, P = 0.08) nor jump activity (Nested ANOVA, F1,4 = 5.16, P = 0.09) between 287 infected and cured lines was found. Comparison between cured and uninfected lines found no 288 significant difference between cured and uninfected lines in adult walk activity (Nested ANOVA, F1,2 = 289 4.61, P = 0.17), but we found that uninfected flies had higher jump activity in uninfected than cured 290 flies (F1,2 = 58.09, P = 0.02). However, between infected and uninfected lines, there was no difference 291 in both walk and jump activities (F1,2 = 1.03, P = 0.42 and F1,2 = 18.11, P = 0.05, respectively). 292 293
Wing geometric morphometrics 294
The imaging of wings can be assessed as done accurately, in that the mean squares of imaging error 295 were very low for both centroid size and shape (2.75 and 4.54 times lower than individual by side 296 14 interactions for centroid size and shape, respectively). We found significant difference among fly 297 lines in both size and shape of the wings (Procrustes ANOVA, size, F6,1 = 456.5, P < 0.001; shape, F132,22 298 = 99.1, P < 0.001). CVA after removing 6.5% of total variation within lines, calculated from regression, 299 revealed that infected and the corresponding cured lines were similar to each other ( Figure 6A) . 300
There was no difference in average shape of all cured and infected lines ( Figure 6B ). When comparing 301 infected and its corresponding cured lines, we observed significant changes in centroid size and 302 shape between ni_3 and nc_3 (size, F1,1 = 509.87, P = 0.03; shape, F22,22 = 104.27, P < 0.01) and ni_6 303 and nc_6 (size, F1,1 = 4815.15, P = 0.01; shape, F22,22 = 26.99, P < 0.01), and significant difference in 304 shape between ni_8 and nc_8 (shape, F22,22 = 2.78, P = 0.01). Centroid size and shape of infected and 305 cured lines differed significantly from naturally uninfected line nu_0 (Table S3 and Table S4 , 306 respectively). However, there was a small distance between groups relative to within-group variation 307 (Mahalanobis distance = 1.20), and most flies were assigned into wrong groups (Table S5 ). There was 308 no significant difference in size and shape asymmetry between left and right wings (Table S6 and  309   Table S7 , respectively). (Table 1) , and, within a host, titers vary among tissues such that, for example, higher titers were 331 observed in reproductive than in somatic tissues (Martinez et al., 2015; Osborne et al., 2012) . In 332 addition, Wolbachia titer might be higher if D. nigrosparsa was raised at a temperature cooler than 333 19 °C, as in our experiment, because higher Wolbachia density was detected in D. melanogaster 334 developed at cool temperatures than those developed at warm temperatures (Moghadam et al., 335 2018) . 336
Titer can also change with host age as observed in many arthropods including Drosophila spp. To cure D. nigrosparsa from Wolbachia, we tried two tetracycline concentrations, 0.01 and 0.05%. 345
High tetracycline concentration has been reported to have negative effects on hosts during the 346 process of curing, such as fitness (Miller et al., 2010) , and lower concentrations should therefore be 347 preferred. However, the 0.01% concentration was too low to eliminate Wolbachia, which effect has 348 likewise been reported for Wolbachia-infected Drosophila paulistorum (Miller et al., 2010) . In 349 addition, both D. nigrosparsa treated with 0.01% and 0.05% tetracycline suffered from low fecundity 350 and low hatch rates (data not shown). We waited for another two generations before using them for 351 our remaining experiments to recover flies from tetracycline because effects of tetracycline on 352 mitochondrial density and metabolism can last up to two generations after treatment (Ballard & 353 Melvin, 2007) . The ability to adapt to elevated temperatures is an important criterion for species distribution in 381
Drosophila (Kellermann et al., 2012) . A previous study found no effect on heat knockdown 382 temperature in wMel-infected Drosophila melanogaster (Harcombe & Hoffmann, 2004) . This finding 383
for Wolbachia contrasts one for Rickettsia, which were reported to increase heat shock tolerance in 384
Bemisia tabaci to up to 40 °C (Brumin et al., 2011) . In D. nigrosparsa, a recent selection experiment 385 on naturally uninfected flies reported that this species is unlikely to adapt to increasing temperature 386 (Kinzner et al., 2019) . Here, we conclude that infection with Wolbachia wMel did not increase heat 387 and cold tolerance in D. nigrosparsa. Wolbachia-infected and Wolbachia-free D. nigrosparsa 388 responded to knockdown temperature at around 38 °C like in an earlier study of this fly species 389 (Kinzner et al., 2018) . Thus, we cannot expect a rescue from heat stress due to infection by the 390
Wolbachia strain used here in D. nigrosparsa. We noted that the absolute value of knockdown 391 depends on ramping speed and that it has been a topic of debate what ramping speed to use (Santos 392 et al., 2011) , but that in the frame of this study not absolute knockdown but the performance of 393 infected flies relative to that of uninfected and cured flies was important. 394
Thermal tolerance is one of many aspects in thermal biology. Another aspect is thermal preference. The increased locomotion in D. nigrosparsa observed in larvae and in adults may help the host to 403 quickly react to climate change by easing the move to other areas, but, on the other hand, it may 404 increase the visibility for predators and energy loss. Increases in host's activities have been reported 405 also from other Wolbachia strains. Beetles Callosobruchus chinensis infected with Wolbachia 406 wBruCon and wBruOri walked significantly more than uninfected ones, which might help increasing 407 their chance for mating (Okayama et al., 2016) . Mosquitoes Aedes aegypti infected with wMelPop 408 had up to 2.5-fold increase in activity compared with uninfected ones (Evans et al., 2009) . 409
We found significant differences in wing size and shape of D. nigrosparsa between infected and 410 cured lines, but these differences were more likely due to genetic drift and not due to Wolbachia as 411 the cured lines were subpopulations of infected lines and had been separated from their parent 412 populations for five generations before the wing measurement. In addition, if Wolbachia affect wing 413 morphology, we would observe similar changes in those cured lines once Wolbachia were removed. 414
Effects of genetic drift in Drosophila can occur within a few generations, for example, in Drosophila 415 subobscura (Santos et al., 2013) . 416
Our study indicated that D. nigrosparsa could be a host for Wolbachia like Drosophila melanogaster, 417 the native host of Wolbachia wMel, because vertical transmission is possible in this species. On the 418 long term, the transmission of Wolbachia in D. melanogaster may be better than in D. nigrosparsa 419 because D. melanogaster has a higher oviposition rate and a better tolerance of warm temperatures 420 than D. nigrosparsa (Kinzner et al., 2018) , both of which could increase the chance for horizontal 421 transfer. This is because horizontal transfer is a stochastic event, and an infected host is therefore 422 more likely to transfer Wolbachia to a new host species if there are more infected hosts available and 423 if the number of Wolbachia cells is higher per host. 424
Here, we report effects of Wolbachia wMel on D. nigrosparsa as a novel host. We observed low 425
Wolbachia titer, possible cytoplasmic incompatibility, and increased locomotion in both larvae and 426 adults. Drosophila nigrosparsa will suffer from an increasing temperature independently of whether 427 uninfected (Kinzner et al., 2019) or infected, as Wolbachia had no impact on heat tolerance (this 428 paper). However, Wolbachia wMel might provide some benefits to this fly such as resistance to 429 viruses or nutrition supplements, which both will be interesting to analyze in the future. In addition, 430 some additional experiments such as longevity should be tested in the future. Finally, infection by 431
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